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ABSTRACT 
A study was made to determine the effects of mass velocity, 
inlet temperature, and heat flux on the pressure drop and heat trans-
fer characteristics which occur during the forced-convection boiling 
of water. A horizontal, polished copper channel of .523 inch diam-
eter and 11•,0 inch length was employed as the boiling test section 
throughout the period of experimentation, 
During the investigation, heat transfer and pressure drop 
data were collected for a heat flux range of 0-220,000 BTU/FT
2
-HR, 
0 
an inlet temperature range of 200-210 F, and a mass velocity range 
of 200-3000 LB /FT
2
-SEC. 
m 
For a constant heat flux and inlet water temperature, the 
pressure drop across the boiling channel was found to increase until 
a maximum pressure drop was reached, then to decrease until a minimum 
pressure drop was reached, and finally to increase again as the mass 
velocity was steadily increased. When the surface temperature data 
was considered in conjunction with the pressure drop data, it could 
be seen that the surface temperature gradient in the axial direction 
decreased steadily with increasing values of mass velocity and be-
came negligible at that mass velocity corresponding to the minimum 
pressure drop. Since the point at which net boiling changed to local 
boiling was found to lie in between the minimum and maximum pressure 
drops, a constant surface temperature in the axial direction can be 
seen to be characteristic of local boiling. On the other hand, 
significant decreases in surface temperature as the fluid proceeded 
downstream were found to occur throughout the net boiling region. 
In all cases, pressure drop was found to be an increasing 
function of both heat flux and inlet water temperature. 
Consideration of the heat transfer data shows that the in-
fluence of velocity on heat transfer diminishes as boiling becomes 
increasingly developed. 
The local boiling pressure drop data have been correlated 
in terms of bubble radius, rate of bubble growth, liquid hold-up 
time, bubble population and the degree of subcooling (Kl). The 
final form of the correlation is: 
2 
(1) !::. PLB 
f G v1 L ( [ + 6, 79 X lQ-3 ct ,682 y ,81, 
= 
2 D gC 
~L CLP (:w~T::(n aL)~ X D
2L 
·G/io-1:J where ct = -4 wv1 
h 
and Y' L = 
CL (T - T ) s b 
2 
In addition to the parameters used to correlate local boil-
ing pressure drop data, the boiling number was used to correlate 
local boiling heat transfer data according to the following relation-
ship: 
~-
3 
( 10
-5 ,,,• 259 Q-1.159 ., - • 977) , (2) (Nu)TP = (Nu)SPL 1 + 7.86 x ~ ~ , 
q/A 
where ~ (the boiling number)= G 3600 
,, 
; 
l ,_ ' 
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INTRODUCTION 
Historically, the engineers' principal interest in boiling 
has concerned the generation of steam for power production. Another 
important application of boiling which arrived on the scene at a 
fairly early date involved processes requiring the separation of 
various liquids by means of distillation (Ll). With the development 
of the nuclear reactor, the rocket nozzle, the spacecraft, and the 
cyclotron, all of which require the removal of vast quantities of 
heat, great interest has developed in the boiling process as a method 
of increasing heat transfer rates (R2). While the gains in heat 
transfer rates attainable with boiling are indeed impressive, pres-
sure and temperature instabilities which can result in destruction 
of the heated surface must be prevented in order for boiling to be 
used effectively as a means of heat removal. Thus, the importance 
of knowing the causes and means of prevention of instabilities has 
prompted several experimental investigations into the field of forced-
convection boiling. 
Forced-convection boiling can be classified into two distinct 
categories: local boiling and net boiling. Local boiling, sometimes 
referred to as "surface" or "subcooled" boiling, occurs when the bulk 
temperature of the liquid is below its saturation temperature, where-
as the temperature of the heated surface is above saturation. Thus, 
the bubbles formed at the wall condense in the colder bulk fluid and 
no vapor appears at the exit of the heater (M2). Another character-
istic of local boiling is the constancy of wall temperature in the 
axial direction. Net boiling, on the other hand, signifies boiling 
in which the bulk fluid temperature exceeds the saturation tempera-
ture, Thus, the bubbles formed at the surface do not condense and 
vapor does indeed appear at the exit (Ll). A significant decrease 
in surface temperature as the fluid proceeds downstream is another 
characteristic of net boiling. 
5 
In order to attain very high heat transfer rates with· local 
boiling, high velocities are necessary. With net boiling, high 
heat transfer rates can be obtained with relatively low velocities. 
Thus, the fact that net boiling pressure drop requirements are con-
siderably lower than their corresponding local boiling pressure drop 
requirements makes it economically desirable to operate under net 
boiling conditions. Since the dangers of instabilities are ever 
present in the net boiling region, it becomes essential to understand 
the causes of instabilities and to be able to predict conditions 
under which instabilities can be avoided, 
The only generally accepted method for predicting pressure 
drops in forced-convection boiling is that of Martinelli and Nelson 
(Ml), Actually, since this method assumes either stratified or fog 
flow, it can be used only to determine the limiting values of the 
pressure drop which are possible for any given flow rate. As several 
different flow patterns are possible in net boiling, it is obvious 
that any correlation which is to predict net boiling pressure drops 
accurately must take into account the flow mode which exists under 
the conditions being considered. If the Martinelli-Nelson method, 
which is not applicable to the local boiling region, could be 
6 
modified to take flow modes into account, it would be very useful 
in predicting net boiling pressure drops. The only general local 
boiling pressure drop correlation which could be found in the litera-
ture was that of Kociscin (Kl). 
In this report, the effects of mass velocity, inlet tempera-
ture and heat flux on the pressure drop and heat transfer character-
istics which occur during the forced-convection boiling of water 
have been determined. Using the data obtained in this investigation, 
empirical correlations for local boiling pressure drop and local 
boiling heat transfer have been established. 
I 
I 
/ \ ) 
/ 
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CHAPTER I. THEORETICAL BACKGROUND 
I-1. Poo 1 Boiling 
Pool boiling is defined as "boiling which occurs when a heating 
surface is immersed in a relatively large quantity of liquid which 
would be stagnant except for natural convection currents set up by 
the heating (Ll)". While the phenomena of pool boiling are certainly 
less complicated than those of forced-convection boiling, the fact 
that three distinct regimes of pool boiling do exist makes these 
phenomena quite complex, Actually, the processes of bubble nuclea-
tion andLpJlbole growth are quite similar for pool and forced-convec-
tion boiling, 
A complete pool boiling curve, established by Zuber (Zl), is 
presented in Figure I-1. When the surface temperature is below the 
saturation temperature, the process of heat transfer is one of 
ordinary convection; this situation is represented by line ab, As 
the wall temperature begins to exceed the saturation temperature, 
nucleate boiling, represented by line be, is possible (Zl), The term 
"nucleate boiling" is used because the formation of bubbles requires 
the presence of nuclei, such as air bubbles dissolved in the liquid 
or adsorbed on the heating surface, or solid particles on which 
bubble nucleation may take place, Most of the heat transfer from 
the wall occurs as convection to the liquid in contact with the sur-
face; heat is then transferred from the liquid to the vapor-liquid 
interface of the tiny bubbles which form at the wall. Thus, at the 
bubble surface, more liquid is vaporized and the bubble grows at the 
C 
!a 
' 1.: l.05 e ~ 
~ 
.. 
~ 
a 
1oJ 
Figure I-l.. Typical. Pool Boiling Curve. 
9 
wall until its volume is such that the buoyant force on the bubble 
exceeds the forces binding it to the wall; at this point the bubble 
breaks away from the surface and rises through the liquid. If the 
bulk liquid temperature is greater than the temperature of the vapor 
inside the bubble, which is at the saturation temperature, evapora-
tion at the bubble surface will continue as the bubble rises. Finally, 
at the level which separates the liquid from the vapor space above 
it, the bubble blows up. Obviously, this mechanism is possible only 
if the liquid is superheated (Tb> Ts), since heat must be trans-
ferred from the liquid to the vapor-liquid interface in order for 
bubble growth to occur (Jl). If, however, the temperature of the 
bulk fluid is below saturation, subcooled boiling takes place, and 
the bubbles are quenched in the colder bulk fluid. 
As the wall temperature increases, more and more sites on 
the heating surface become capable of acting as centers of bubble 
nucleation. Eventually the bubbles become so numerous that their 
motions interact. Under these conditions~ the peak heat flux, point 
c, is reached; an increase in temperature beyond that corresponding 
to point c then leads to transition boiling, the second of the three 
pool boiling regimes. In transition boiling, the surface is covered 
by an unstable, irregular vapor film which is in violent motion. It 
can be seen from line cd that in the transition boiling region, an 
increase in wall temperature results in a decrease in heat flux. At 
the minimum heat flux (point d), film boiling conunences; an orderly 
discharge of vapor slugs, with a regular frequency and at regular 
intervals, from the interface separating the liquid from the vapor 
I l 
l 
> 
. 'r"'- ,.., __ - ''" ~ , 
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film is characteristic of the film boiling region. Line de shows 
that during film boiling an increase in wall temperature results in 
an increase in heat flux (Zl). However, at high heat fluxes, the 
great thermal resistance of the vapor film causes the surface tempera-
ture to increase rapidly (Jl). If the surface temperature reaches 
the melting point of the metal, burnout occurs. Hence, in order to 
avoid the problem of burnout, it is of great practical interest to 
operate in the nucleate boiling region. 
I-2. FORCED-CONVECTION BOILING 
The additional variables of velocity, quality, slip ratio, 
void fraction, and flow modes make forced-convection boiling far more 
complicated than pool boiling. Nevertheless, by considering forced-
convection boiling to be composed of two distinct boiling regimes, 
local and net boiling, a systematic study of forced-convection boil-
ing can be made. 
A. Local Boiling 
Local boiling occurs when the bulk temperature of the liquid 
is below its saturation temperature, whereas the temperature of the 
surface is above the saturation temperature. Photographic studies 
by Gunther (Gl) have shown that two different flow modes can exist 
during local boiling. In the first of these flow modes, bubbles that 
are formed do not leave the heating surface, but slide downstream 
' 
during growth and then collapse. This flow pattern appears when the 
bulk fluid is at a much lower temperature than the saturation tempera-
I i 
l 
l 
J 
"'---- ..... 
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ture (a high degree of subcooling). The second flow mode, in which 
bubbles detach from the heating surface and rise into the colder 
bulk fluid where they collapse, occurs when the bulk fluid is not 
too far below saturation (a low degree of subcooling). 
For both flow patterns, as well as for all other types of 
nucleate boiling, the increase in heat transfer over that which takes 
place in ordinary forced convection can be explained by the theory 
of Forster and Grief (Fl), which proposes that the controlling mech-
anism of heat transfer during boiling is the "micro-convection" in-
duced by the growth, collapse, and detachment of bubbles. When a 
bubble is formed at the wall, it grows to a certain volume; as a re-
sult of this growth, an equal volume of hot, superheated liquid is 
forced out of the sublayer into the main stream, which is at a much 
,~tower temperature. If the bubble then detaches from the surface, 
} cooler liquid flows behind it to the surface; if the bubble collapses 
at the surface, a jet of the colder bulk liquid impinges upon the 
heating surface. Thus, the temperature driving force for heat trans-
fer from the surface to the liquid is maintained at a constantly high 
value. The fact that studies made by Rohsenhow and Clark (R3) and 
other investigators show that the amount of heat trans~r due to 
latent heat is a negligible part of the heat transferred during boil-
ing lends credibility to the above model. 
Besides accounting for the increases in heat transfer which 
are due to boiling, the "micro-convection" theory also explains why 
the dependence of heat transfer on velocity diminishes as boiling 
becomes increasingly developed, . In ordinary convection, heat is 
.. 
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transferred from the heating surface to the liquid layers above it 
and then by the diffusion of eddies into the bulk liquid. When 
boiling occurs, the bubbles mechanically pump hot liquid from the 
surface to the main stream and cold liquid from the main stream to 
the surface, While the diffusion by eddies is dependent on the fluid 
velocity, the pumping action of the bubbles is not; thus, as boiling 
becomes "fully developed", the heat transfer dependency on velocity 
becomes very small (Fl). 
Besides increasing the rate of heat transfer, local boiling 
also causes significant increases in pressure drop over that which 
occurs for ordinary fluid flow. The explanation for this effect on 
pressure drop is found in the work which the bubbles do on the liquid. 
The liquid, by means of surface tension, resists the formation of the 
curved interface separating the liquid and vapor. Thus, in the forma-
tion and growth of a bubble, work must be done to overcome the surface 
tension (J2). Additional work, caused by the drag of the vapor on 
the liquid, is done when the bubble moves through the liquid, Con-
sideration of the mechanical energy equation shows that this work 
results in an increased pressure drop. 
Photographic studies by Gunther (Gl) and McAdams (M2) reveal 
that instabilities occur when bubbles coalesce to form a vapor patch 
on any region of the surface; the creation of such a vapor patch 
obviously retards heat transfer from the surface and thus causes the 
wall temperature to increase rapidly. Decreasing the fluid velocity 
or the degree of subcooling, or increasing the heat flux results in 
an increase in bubble population and in vapor coverage of the heating 
I\ 
I, 
) 
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surface, and thus can lead to burnout (B2). 
B. Net Boiling 
Net boiling occurs when the bulk temperature of the liquid 
is above saturation. Thus, bubbles that are formed at the surface 
do not collapse, but rise into the main stream where they flow 
toward the exit. As the bubbles coalesce to form various configura-
tions, several flow patterns are possible. While it has been found 
that there are five basic flow modes, visual observations reveal 
that combinations of two or three of these basic flow patterns some-
times exist together in actual two-phase flow (S3). The five basic 
flow modes are: 
1. Stratified flow, in which liquid flows through the bottom 
section of the tube and vapor flows above it; there is a smooth, well 
defined liquid-vapor interface and no mixing or mechanical interaction 
between the two phases. 
2. Slug flow, in which liquid flows through the bottom section 
of the tube while alternate slugs of vapor and liquid flow through 
the upper section. Again, there is a well defined boundary between 
the two phases, and only limited intermixing occurs. 
3._ Froth flow, in which the vapor is dispersed as bubbles in 
the liquid. The froth is considered to be a single, homogeneous 
fluid, and complete intermixing occurs. 
4. Dispersed flow, in which liquid in the form of droplets is 
carried along by the vapor stream. A liquid film exists on the pipe 
l 
I 
'· 
.. 
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wall, and there is a continuous interchange of droplets between the 
film and the bulk stream. 
5. Annular flow, in which liquid flows along the surface of 
the pipe and vapor travels through the central core. 
Because pressure drop, heat transfer, and stability of flow 
are dependent on the flow mode, it is important to be able to pre-
dict flow modes as a function of heat flux, temperature, flow velocity, 
and channel diameter and length. Baker's flow pattern correlation 
(Bl) may be utilized to get an idea of the flow modes which occur 
under any given set of conditions. However, its use is restricted 
to the case in which the liquid enters the heater in a saturated 
condition, 
The "micro-convection" theory of Forster and Grief applies 
to net boiling, as well as to all other types of nucleate boiling. 
Thus, the explanation for the increase in heat transfer which is due 
to net boiling is the same as that for local boiling . 
An acceleration effect, along with the work effect discussed 
in Section I-lA, accounts for the increase in pressure drop which is 
due to net boiling. Because of the extremely large specific volume 
of the vapor phase relative to that of the liquid phase, flow con-
tinuity requires acceleration of the fluid mixture as vapor is 
generated in the heater. In the case of local boiling, the effect 
of the acceleration pressure drop is negligible; however, large in-
creases in pressure drop, due to the increased momentum of the fluid, 
? 
are to be expected for net boiling (Ll), 
In the net boiling region, where liquid and vapor flow 
i 
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simultaneously, interfacial phenomena become important. The tempera-
ture gradients on both sides of the interface can cause abrupt changes 
in flow mode which lead to instabilities. With vapor present in the 
channel, the flow becomes compressible; as pressure waves due to 
vaporization are dissipated by the mixture, flow and temperature in-
stabilities result. Obviously, such instabilities are undesirable 
and can lead to burnout (Kl). 
C. Pressure Drop-Mass Velocity Characteristics 
Typical plots of pressure drop versus mass velocity are illus-
trated in Figure 1-2. Such a representation of forced-convection 
boiling is convenient for investigating stability limits and for 
distinguishing between local and net boiling. Curve a, representing 
all vapor flow, and curve b, representing all liquid flow, are the 
limits between which all two-phase lines must lie. Curves q1 and q2, 
lines of constant heat flux and constant inlet water temperature, are 
drawn for a subcooled liquid entering a heater; heat flux q2 is 
greater than heat flux q1. 
At very high flow rates, the wall temperature is below the 
saturation temperature and no boiling occurs. In reality, the non-
boiling range for a curve of constant heat flux extends above the all 
liquid line. The reason for this is that while the surface tempera-
ture is below saturation it is above the bulk temperature. Thus, the 
decrease in density of liquid in the sublayer adjacent to the surface 
creates an acceleration pressure drop which makes the total pressure 
drop greater than that for all liquid flow without any heat flux. 
16 
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In considering curve q1, point x separates the non-boiling 
region from the local boiling region. As the mass velocity is de-
creased to a value less than that at point x, the saturation tempera-
ture is decreased and the wall .temperature is increased to values 
such that the boiling temperature difference (T - T) becomes great 
w s 
enough to cause local boiling. Further reduction in the flow rate 
results in a steady decrease in pressure drop until pointy is reached, 
One likely explanation for the existence of the minimum pressure 
drop is that at the higher flow rates, bubbles remain at the surface, 
where they eventually collapse. As the flow rate is decreased to a 
value corresponding to the minimum pressure drop, the temperature of 
the bulk liquid and of the heating surface are increased to values 
such that the bubbles formed at the surface can now detach and rise 
into the bulk fluid, where they collapse. The additional work caused 
by the rising of the bubbles through the liquid, as well as the 
possibility that enough bubbles are being formed to cause the accel-
eration effect to become significant, accounts for the increase in 
pressure drop as the mass flow rate is decreased below pointy. 
Further reduction of the flow rate results in a steady in-
crease jn pressure drop until a maximum is reached. In a homogeneous 
system, net boiling begins when (; - c1 6 T8UB)/h1g = 0, The experi-
mental data obtained in this investigation, as well as the data col-
lected by Kociscin (Kl), show that in all instances the point of 
transition from net to local boiling lies in between the minimum and 
maximum pressure drops. Thus, since the maximum pressure drop always 
lies in the net boiling region, it is conceivable that its existence 
7 
18 
is caused by a change in flow modes. Kociscin (Kl) reports that 
"crude visual observations" showed a transition from froth to slug 
flow at the mass velocity corresponding to the maximum pressure drop. 
:1 
; Since slug flow entails considerably less intermixing of phases than 
does froth flow (and therefore a transition from froth to slug flow 
should result in a decrease in pressure drop), Kociscin's observation 
appears to be plausible. 
When the mass velocity is reduced below point z, a steady 
decrease in pressure drop results. 
!. 
;~ 
.J 
;I 
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CHAPTER II. APPARATUS AND EXPERIMENTAL PROCEDURE 
The apparatus and experimental procedure used in this inves-
tigation have been described in detail by Kociscin (Kl). Thus, only 
the essential features of the apparatus and of the experimental pro-
cedure will be reviewed in this dissertation. 
11-1. DESCRIPTION OF TEST SECTION 
The test section consisted of a channel, 0,523 inches in 
diameter and 11 inches long, drilled through a 4 x 4 x 11 inch copper 
block, 
II-2. TEMPERATURE MEASUREMENTS 
In order to determine heat fluxes and surface temperatures, 
four thermocouples were embedded at convenient locations in the cop-
per block. Thermocouples 'Welte also placed in the insulation around 
the test section in order to determine heat losses, 
II-3. PRESSURE MEASUREMENTS 
Eight pressure tap holes were drilled into the test section 
at various axial locations, For the measurement of the pressures at 
these locations, a transducer-amplifier-oscillograph network was 
employed. 
20 
II-4. FLOW RATE MEASUREMENTS 
The flow of hot liquid entering the test section was measured 
by a Fisher-Porter-Flowrator with a metal tube magnetic indicator. 
II-5. POWER MEASUREMENTS AND CONTROL 
In order to control the supply of heat to the test section, 
three General Electric Saturable Reactors and a General Electric 
Reactrol Panel were used. Since the resistance of the heating ribbon 
was known and the current passing through the ribbon, along with the 
voltage across it, could be measured, the heat input to the test sec-
tion was easily calculated, Actually, three methods were used to 
determine the heat input to the test section: 
,fi-1) q = 3 EI - q1 ass 
2 (II-2) q = 3 I R - q1 ass 
(II-3) q = k A dT/dr 
In the first two methods, subtraction of the heat losses 
from the amount of heat generated by the heating ribbon yielded the 
heat input to the test section. In the third method, represented by 
Equation (II-3), the temperatures measured by the four thermocouples 
embedded in the test section were inserted into Fourier's Equation 
(of heat conduction) to yield the heat input to the test section. In 
all cases, the agreement between the heat fluxes calculated by the 
three different methods was within 5%. The heat fluxes reported in 
Appendix C were calculated by means of Equation (II-2). 
21 
Calibration curves for the pressure measuring network, for 
the thermocouples, and for the flowmeter are presented in Appendix B. 
A plot of heat losses versus current supplied to the heater is also 
included, 
II-6. SURFACE CONDITIONS 
All the data collected during this investigation have been 
classified as "polished-surface" data, The justification for this 
classification is presented in this section. 
While Kociscin (Kl) conducted most of his work on a scaled 
surface, he did polish the surface with a Brasso compound shortly 
before the conclusion of his experimentation; therefore, when the 
author began his experimental work, the surface was in an unscaled 
condition. After two thirds of the data reported in Appendix Chad 
been obtained, the channel was thoroughly polished again with a Brasso 
compound. 
At this point, several data points which had been obtained 
prior to the polishing were reproduced; it was found that the differ-
ences between the pressure drops collected with the recently polished 
surface and those obtained previously were very small. Thus, it was 
concluded that the surface conditions had not changed appreciably 
while the first two thirds of the data were being collected. Since 
gathering the first two thirds of the data did not cause the channel 
to become appreciably scaled, it was then assumed that gathering the 
final third of the data certainly would not cause the polished channel 
to become scaled. A comparison between the author's data and 
I 
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Kociscin' s "polished-surface" data (see Figure III-5) also indicates 
that the surface was in a polished (or unscaled) condition throughout 
i; the entire period of experimentation. These observations constitute 
the author I s justification for classifying all his data as "polished-
surface" data. 
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CHAPTER III. TWO-PHASE PRESSURE DROP 
For an excellent review of previous two-phase pressure drop 
studies and of attempts at correlating net boiling pressure drop 
data, the reader is referred to Kociscin (Kl). 
In order to predict pressure drop accurately in the net boil-
ing region, a knowledge of pressure drop as a function of flow modes 
as well as a knowledge of flow modes as a function of heat flux, 
temperature, velocity, and channel length and diameter is required. 
As this knowledge is not yet available, no single correlation, whether 
empirical or theoretical, can be expected to predict net boiling pres-
sure drops very accurately. 
The flow modes which occur during local boiling, however, 
are quite well defined and understood, Since it is the activity of 
the bubbles which causes the increase in pressure drop during local 
boiling, it should be possible to correlate local boiling pressure 
drop data in terms of those variables which affect the processes of 
bubble formation, bubble growth, and bubble behaviour in general, 
Such a correlation has been successfully attempted and is presented 
in Equation (III-17). 
III-1. NET BOILING PRESSURE DROP 
The net boiling pressure drop data, along with the local 
boiling data, collected in this investigation are presented in 
Figures III-1 through III-4. Figure III-1 presents forced-convection 
boiling curves for an inlet temperature of 200°F at various heat/ 
\ 
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fluxes. Figure III-1 reveals that for a constant heat flux and a 
constant inlet water temperature the pressure drop increases until 
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a maximum value is reached, then decreases until a minimum value is 
reached, and finally increases again as the mass velocity is steadily 
increased, The explanations for these phenomena are presented in 
Section I-2C. As expected, pressure drop is seen to be an increasing 
function of heat flux, 
Figures III-2, III-3, and III-4 illustrate the fact that 
pressure drop is an increasing function of inlet temperature, 
In order to calculate the mass velocity at which the transi-
tion from net to local boiling occurs, a heat balance on the fluid 
may be made: 
(III"7 l) -q = 3600 wc 1 + 3600 WhLg X ' 
This equation is applicable, obviously, only in the net boiling re-
gion, Taking the derivative of all terms with respect to L; 
-dq 
d (Ts -Tb) 
= 3600 WC 1 (III-2) dL dL 
3600 WhLg 
dx 
+ dL' 
At the mass velocity where net boiling changes to local boiling, 
(III-3) dx dL = O. 
Thus, at the point of transition from net to local boiling the follow-
ing condition must prevail (Kl): 
,, 
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(III-4) dq = 3600 WC dL L 
By assuming that Ts' Tb' and q were linear functions of L 
and by applying Equation (III-4) to each data point, the following 
points of transition from net to local boiling were determined: 
_!l.f.!... T. G 
1 
120,000 200 400 
170,000 200 460 
220,000 200 540 
120,000 210 570 
170,000 210 620 
220,000 210 680 
For each line of constant heat flux the transition point is seen to 
occur in between the mass velocities corresponding to the minimum 
and the maximum pressure drops . 
The corresponding surface temperature data are super-imposed 
on Figures III-2, III-3, and III-4. At the mass velocities where 
the pressure drops attain their minimum values, the axial variations 
in surface temperature are seen to become negligible; thus, a sur-
face temperature which is essentially constant as the fluid proceeds 
downstream is characteristic of the local boiling regime. Schrock 
and Grossman (S3) and Reynolds (Rl) also report that a constant sur-
face temperature is characteristic of local boiling. On the other 
hand, large decreases in surface temperature across the boiling 
channel are seen to occur throughout the net boiling region. It 
should be pointed out, however, that for the part of the local 
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boiling region in between the mass velocities corresponding to the 
minimum pressure drop and the transition point, a significant de-
crease in surface temperature in the axial direction does occur, 
Thus, while a constant surface temperature must necessarily indicate 
local boiling, a significant decrease in surface temperature does 
not necessarily indicate net boiling, but might signify that part 
of the local boiling region situated between the transition point 
and the minimum pressure drop. 
A comparison between this author's pressure drop data and 
Kociscin's pressure drop (Kl) data is made in Figure 111-5; the 
apparatus employed by Kociscin was the same as that employed in this 
investigation, While both sets of data have been classified as 
polished-surface data, it is certainly possible that the surface 
conditions, which vary somewhat from day to day and are quite depen-
dent on the purity of the water being used, were not actually iden-
tical, Since Kociscin and others have shown pressure drop to be quite 
sensitive to surface conditions, it is reasonable to assume that only 
a slight variation in surface conditions could account for the differ-
ence between the two sets of data, 
Two other investigations which also illustrate the existence 
of maximum and minimum pressure drops were made by Schweppe (S2) and 
Weiss (Wl), 
The curves of Schweppe, who employed a vertical test section 
8.53 inches long for various values of inlet water temperature, are 
presented in Figure 111-6. Inspection of Schweppe's data reveals that 
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his pressure drops are greater than the corresponding pressure drops 
obtained by this author. This is to be expected, however, since the 
use of a vertical heater introduces elevation contributions to the 
pressure drop which do not exist for a horizontal heater. It can 
also be seen that Schweppe's maxima and minima occur at lower mass 
velocities than those obtained by this author. 
The experimental pressure drop data of Weiss, who usa:i a ver-
tical test section 24· inches long and .174 inches in diameter, are 
presented in Figure III-7. Inspection of Figure 111-7 reveals that 
all points of transition from net to local boiling reported by Weiss 
occur in between the minimum and maximum pressure drops; this observa-
tion is, of course, consistent with the results of this author and 
with those of Kociscin. 
III-2. LOCAL BOILING PRESSURE DROP 
The only general local boiling pressure drop correlation 
which could be found in the literature was that of Kociscin (Kl). In 
Section III-2A, a local boiling pressure drop correlation of the same 
form as Kociscin's is derived. The data collected by the author are 
then used to obtain the numerical constants which are present in the 
correlation and the results are compared to those of Kociscin, 
One other attempt at establishing a local boiling pressure 
drop correlation should be mentioned, Schrock and Grossman (S3) 
used the data from their experiments in a vertical heater to estab-
lish the following relationship: 
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(III-5) (:~) TP = GD 
1 
( • 977 + .0282 exp 6.125 L/4I:) 
The fact that this correlation fails to take into account heat flux 
or the degree of subcooling makes its usefulness quite limited, how-
ever. 
A. Local Boiling Pressure Drop Correlation 
In Section I-2A, it was explained how bubble formation, 
bubble growth, and bubble behavior in general cause an increase in 
local boiling pressure drop over that required for all liquid flow. 
Thus, it should be possible to correlate local boiling pressure drop 
data in terms of those variables which are closely related to, or 
have a significant influence upon bubble formation, bubble growth, 
and the overall behavior of a bubble before it collapses. Thus, the 
correlation derived in this section is presented in terms of bubble 
radius, rate of bubble growth, bubble population, liquid hold-up 
time, and the degree of subcooling. 
In order to relate the bubble radius, which cannot be 
measured, to the boiling temperature difference (T -T) and to the w s 
physical properties of the fluid layer adjacent to the heating sur-
face, Forster and Zuber (F2) considered Rayleigh's Equation, which is 
merely a force balance on a bubble: 
(III-6) (::)J = 2 a I::, p - R 
where t::, pis the difference in pressures inside and at a great distance 
i. 
J 
\ 
\ 
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from the bubble. If Equation (III-6) is combined with the Clausius-
Clapeyron Equation, which relates the pressure difference to the 
temperature difference, and with Green's Function, which is actually 
a solution for the temperature difference inside and outside of the 
bubble obtained by considering the heat conduction problem to a 
bubble with a moving surface of evaporation, the following expres-
sion for the bubble radius results: 
(III- 7) R = j (FT) , 
where j is a constant of integration. The rate of bubble growth may 
be obtained by differentiating with respect tot: 
(III-8) R' - j_ 
- 2 ( !ic) 
It can be seen that the product of bubble radius and rate of bubble 
growth is independent of time: 
(III-9) 2RR' 
2 
= j2 r;;w~--T_s_)_P~L_c_L~(n~aL_)_\~ C hLg pg 
Due to the fact that site density is a complex function of 
surface conditions, no theoretical expression for bubble population 
exists. However, by experimenting with five liquids on a copper 
surface, Kurihara and Meyers (K2) established an empirical equation 
relating heat flux to site density, which is related to bubble popu-
lation; their correlation is: 
:1 
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(III-10) 
where N/A represents the number of active sites per unit area of 
surface. 
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Because the velocity of the liquid has a significant effect 
on bubble growth, it should be included in the local boiling pressure 
drop correlation. To account for the liquid velocity, the liquid 
hold-up time may be used; an expression for the liquid hold-up time 
is (Kl): 
(III-11) Q = (SEC). 
Combination of Equations (III-9), (III-10), and (III-11) re-
sults in the following dimensionless group (Kl): 
(III-12) 
Since the degree of subcooling determines how far a bubble 
can advance through the liquid before it collapses, it too has a 
definite effect on local boiling pressure drop and therefore should 
be included in the correlation. In order to form a dimensionless 
group, the degree of subcooling may be combined with the enthalpy 
and specific heat of the fluid: 
l ! 
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(III-13) 
It was considered desirable to put the local boiling pres-
sure drop correlation in the form: 
(III-14) (1 + y), 
where y, representing the fractional increase in pressure drop which 
is due to local boiling, may be expressed in terms of the above di-
mensionless groups: 
(III-15) y =ac}Yc 
1 J Combination of Equations (III-14) and (III-15) yields: 
(III-16) 2 D g 
C 
All physical properties, except for v1, which was ev~ated at the 
mean bulk temperature, were evaluated at the surface temperature; h1 , 
the liquid enthalpy, was determined at the inlet bulk ;emperature of 
the liquid. 
Substitution of the author's data into Equation (III-16) and 
application of a multiple linear ··regression analysis produced the 
constants: 
a= .00679 
b = .682 
C = .813 
l 
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Thus, the local boiling pressure drop correlation may be expressed: 
(III-17) (1 + .00679 a· 682 y.813) . 
By substituting his data into Equation (III-16), Kociscin 
obtained the following values for the constants: 
a= .00852 
b = .402 
C = , 969 
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The difference between this author's set of constants and 
those of Kociscin is probably due to the fact that all of the data 
obtained during this investigation were collected on a heating sur-
face which was in a polished condition, whereas most of Kociscin's 
data were collected on a scaled surface. 
It should be pointed out that a= 0 when T = T and thus w s 
Equation (III-17) is applicable to the non-boiling range when T = T. w s 
However, when T < T and a< 0, Equation (III-17) is not applicable 
w s 
to the non-boiling range. 
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CHAPTER IV. FORCED-CONVECTION BOILING HEAT TRANSFER 
Iv.,, 1. NET BOILING HEAT TRANSFER 
The "micro-convection" theory of Forster and Grief predicts 
that the effect of forced convection on heat transfer should diminish 
as boiling becomes increasingly developed (see Section I-2A). Sev-
eral procedures, making use of the above observation, have been 
developed to estimate forced-convection boiling curves. The proce-
dure adopted in this report is that employed by Kociscin (Kl), Figure 
IV-1 presents this author's heat transfer data in the form of curves 
of heat flux versus boiling temperature difference for various values 
of mass flow rate, Curve (a), which separates the net boiling region 
from the local boiling region, has been established by noting the mass 
flow rate and boiling temperature difference at which the transition 
from net to local boiling occurred for each line of constant heat 
flux (see Figure 111-1). It can be seen from Figure IV-1 that as the 
net boiling region is approached, the dependence of heat flux on mass 
flow rate is reduced; this observation, is of course, consistent with 
the "micro-convection" theory. 
The heat transfer data of Kociscin are presented in Figure 
IV-2! Comparison of Figures IV-1 and IV-2 shows that for corres-
ponding values of heat flux and mass flow rate, Kociscin's data 
yields higher boiling temperature differences than do the data of 
this author. This is to be expected, since the data which Kociscin 
presented in Figure IV-2 were collected on a scaled surface, while 
this author's data was obtained on a polished surface . 
6 7 
Local Boiling 
8 9 10 20 30 
Boiling Temperature Di.fference, (Tw-Ts), •F _/ 
/ 
/~-/ . 
a Net Boiling 
40 
Figure IV-l. Experimental Forced Convection Boiling Curve For an Inlet Temperature of' 2oo•F. 
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In order to predict net boiling heat transfer reliabJJ1 
the flow modes under consideration must be known and taken into 
account. Since this is not yet possible, there is no satisfactory 
correlation available for predicting net boiling heat transfer, 
IV-2. LOCAL BOILING HEAT TRANSFER 
For a review of the previous attempts to correlate local 
boiling heat transfer data, the reader is referred to Kociscin (Kl). 
A, Local Boiling Heat Transfer Correlation 
In Section I-2A it was explained how bubble nucleation, 
bubble growth and bubble activity in the superheated layer adjacent 
to the heating surface cause heat transfer rates during local boiling 
to exceed ordinary forced-convection heat transfer rates. By analogy 
to the case of local boiling pressure drop, which is also a function 
of bubble nucleation, bubble growth, and bubble activity in the sub-
layer, it is apparent that a general local boiling heat transfer cor-
relation should include the dimensionless groups a a~d Y , derived' in 
Section III-2A. Since the boiling number is so extensively used in 
heat transfer work, it too has been included in this author's corre-
lation. 
In order for any local boiling heat transfer correlation to 
be useful, it should predict that the Nusselt modulus ratio approaches 
unity as non~boiling conditions are approached, Thus, the correlation 
was put in the form: 
45· 
(IV-1) (Nu)LB = (Nu)SPL (1 + Z), 
where Z represents the fractional increase in heat transfer due to 
local boiling and (Nu)SPL is the Nusselt number for ordinary liquid 
flow, which can be calculated by means of the Dittus-Boelter Equa-
tion. Z may be expressed in terms of the dimensionless groups: 
(IV-2) 
where S, the boiling number, is defined: 
(IV-3) q/A s = hLg G 3600 
By defining the heat transfer coefficient during local 
boiling to be the heat flux divided by the boiling temperature dif-
ference, the local boiling Nusselt number may be described: 
(IV-4) q/A 
'f 
I 
Substitution of the data obtained during this investigation 
into Equations (IV-1) and (IV-2) and application of a multiple linear 
regression analysis yield the constants: 
d = 7 , 86 X 10 -5 
e = ,259 
f =-l.159 
g = - • 977. 
( Thus, the final form of the local boiling heat transfer correlation 
may be expressed: 
(IV-5) (Nu)LB = (Nu)SPL (1 + 7.86 x 10-S a.259 ~-1,159 y-,977). 
By substituting his data into Equation (IV-1) and (IV-2), 
Kociscin computed the following values for the constants of the cor-
relation: 
d = 7,24 X 10-4 
e = .880 
f = 1.806 
g = 1.098 
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Once again, the difference between the two sets of results 
can be attributed to the fact that Kociscin collected most of his 
data on a scaled surface, while this author collected all of his data 
on a polished surface, 
ID 
~ 
.g 
~ 
,+,) 
r-i Q) 
ID 
fl 
£ 
i::: 
,,-j 
Q) 
V) 
co Q) 
,.. 
0 
a 
H 
r-t 
Qj 
~ 
0 
•r-1 
,+,) 
u (11 
l:. 
.. 
N 
10.0 
a.o 
6.o 
4.o 
2.0 
1.0 
.8 
.6 
.4 
.2 
h7 
)( 
X 
x 
X 
z • 7.86 x 10-S a.259 ~-1.159 r-.977 
.1.__ ___ ......Ai..-.---lL---'---'------'---'----'----"--'-....... -'----~-'-~-l-~J...--L-~--1.~ 
20000 1000 2000 4000 10000 
a.259 ~-1.159 r-.977 
Figure IV-3. Correlation of the Author's Local Boiling Heat 'lranster Data. 
. . . 
, , I 
i 
1 
1 
l 
I 
~ 
' ) j 
1 j 
48 
CONCLUSIONS 
1. For constant values of heat flux and inlet water temperature, 
the pressure drop across the boiling channel increases until a maxi-
mum pressure drop is reached, then decreases until a minimum pressure 
drop is reached, and finally increases again as the mass velocity is 
steadily increased, 
2. Forced-convection boiling can be considered as being composed 
of a net boiling region and a local boiling region, The mass velocity 
which marks the transition from net to local boiling lies in between 
those mass velocities corresponding to the maximum and minimum pres-
sure drops. 
3. Bubble nucleation, bubble growth, and the overall behaviour 
of the bubbles before they collapse cause the pressure drop in local 
boiling to exceed the pressure drop required for all liquid flow, 
Thus, it should be possible to correlate local boiling pressure drop 
data in terms of those variables which are either closely related to 
or which have a direct influence on bubble nucleation, bubble growth, 
and bubble activity in general. This author's local boiling pressure 
drop data have been correlated in terms of bubble radius, rate of 
bubble growth, liquid hold-up time, bubble population, and the degree 
of subcooling; the correlation is presented in Equation (III-17). 
4. For the entire range of mass velocities, pressure drop is 
an increasing function of both heat flux and inlet temperature • 
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5. As the mass velocity is steadily increased, the axial sur-
face temperature drop across the boiling channel decreases until it 
becomes negligible at a mass velocity corresponding to the minimum 
pressure drop. Thus, the local boiling region can be characterized 
by a constancy of surface temperature as the fluid proceeds down-
stream; on the other hand, the net boiling region may be characterized 
by significant decreases in surface temperature in the axial direction. 
6. As in the case of pressur~ drop, the bubble activity in the 
superheated layer adjacent to the heating surface causes heat trans-
fer rates during local boiling to exceed heat transfer rates for 
ordinary liquid flow. Thus, local boiling heat transfer data can be 
correlated in terms of bubble radius, rate of bubble growth, liquid 
hold-up time, bubble population, and the degree of subcooling. In 
addition to these factors, the boiling number, which is used quite 
extensively in the field of heat transfer, has been included in the 
local boiling heat transfer correlation derived in this report and 
presented in Equation (IV-5). 
7. As boiling becomes increasingly developed, the influence of 
liquid velocity on heat transfer diminishes. 
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APPENDIX A 
NOMENCLATURE 
a= Thermal diffusivity 
A = Area 
c = Heat capacity 
D = Channel diameter 
E = A. C. voltage per phase 
f = Fanning friction factor 
gc = Newton's conversion factor 
G = Mass velocity 
h = Enthalpy 
I = A.C. current per phase 
k = Thermal conduc ti vi ty 
L = Length 
LT= Total length of channel 
P = Pressure 
6 P = P4-P10, pressure drop 
q = Heat input 
q/A = Heat flux, based on inside surface 
area of test section 
r = Radius ~f boiling channel 
R = Bubble radius 
I R = Rate of bubble growth 
t = Time 
T = Temperature 
FT 
VOLT 
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LBm-FT/LBcSEC2 
LBm/FT2-SEC 
BTU/LBm 
Ampere 
BTU/FT-HR-°F 
FT 
FT 
LBf /IN2 
LBf/IN2 
BTU/HR 
BTU/FT2-HR 
FT 
FT 
FT/SEC 
SEC 
op 
l 
i 
! 
l 
l 
l 
.I 
1 
I 
J 
1 
J 
Tw-Ts = Boiling temperature difference 
ATsUB = Degrees ~.ubcooling 
v = Specific volume 
V = Linear velocity 
w = Mass velocity 
x = Vapor quality fraction by weight 
y = Fraction of pressure drop which is due to 
local boiling 
z = Fraction of heat transfer which is due to 
local boiling 
p :,c Density 
a = Surface tension 
-& = Hold-up time 
SUBSCRIPT REFERENCE 
b Bulk fluid conditions 
g Vapor phase 
i Inlet conditions 
L Liquid phase 
LB Local-boiling conditions 
m Mass 
0 Outlet conditions 
s Saturated conditions 
SPL Single phase liquid 
TP Two phase 
w Conditions at the wall 
op 
FT3/LBm 
FT/SEC 
LBm/SEC 
LBm/FT3 
LBf/FT 
SEC 
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APPENDIX B CALIBRATION CURVES 
FIGURE 
B-1 
B-2 
B-3 
B-4 
TITLE 
Heat Losses as a Function of 
Heater Current 
Calibration curves for Transducer 
Number 22606 
Calibration curves for Flowrator 
Number W7-1354/l 
Thermocouple Calibration Curves 
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Figure B-1. Heat Losses As a Function of Heater Current. 
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Figure B-2. Calibration Curves For Transducer No. 226o6. 
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Figure B-3. Calibration Curves for Flowrator No. W7-1354/l 
s.3•c 
100.o•c 
120.o•c 
4.0 L!VSEC 
40 GlL/MIN 
.. - --..· ·- -"":"_;_ . .- .... 
... - ~- ·--· .... _ .... • '-· . 
0.022 
0.020 
0.018 
• 0.016 C> 
~ 
.. 0.014 s:: 
0 
"" +> u 0.01.2 GI 
~ 0.010 0 
0.008 
o.006 
0.004 
-
0.002 
T1, T2(-) 
1 2 3 4 5 6 7 8 9 
Thermocouple Reading, Milli volts, MV. 
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APPENDIX C. EXPERIMENTAL DATA 
\ 
RUN NUMBER 92 93 91 90 89 88 87 86 85 39 40 33 
---, 
INLET CONDITIONS 
G (LB /FT2 -SEC) . 202 221 245 278 312 360 403 452 519 691 852 960 
V (FT17SEC) 3.36 3.67 4.08 4.65 5.21 6.02 6.75 7.52 8.65 11.6 14.1 16.1 
Ti (OF) 201.4 201.4 201.5 201.4 201.2 201.1 201.0 200.8 200.3 200.1 200.1 200.6 
Ts at P4 
(OF) 213.2 212.8 213.0 212.9 212.9 212.9 212. 7 213.0 212.8 213.5 213.8 214.2 
HEAT FLUX 
q/A xl0- 3 (BTU/FT2 -HR) 123.2 123.2 117.5 123.5 122.2 121.2 120.8 121.2 120.8 117.8 117.8 117.8 
PRESSURE DROP 
P4-Pl0 (PSI) .202 .226 .252 .250 .271 . 244 .222 .228 .225 .389 .461 
.611 
OUTLET CONDITIONS 
To (°F) 211. 9 211.5 211.4 210.4 209.5 208.3 207.0 205.4 202.9 202.3 201.8 201.9 
Ts at P 10 (°F) 212.5 212.0 212 .1 212.1 212.0 212.1 212.0
 212.2 212.0 212.2 212.2 212.2 
SURFACE TEMP. 
Tw, 1 3/8" from inlet 247.1 246.7 247.9 246.4 244.7 243.6 242.6 239.9 235.5 228.8 224.3 222.3 
Tw, 1 3/8" from outlet 242.0 242.8 242.3 240.9 242.4 241.3 245.4 241.0 237.3 230.5 225.1 224.0 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet 33.9 33.9 34.9 33.5 31.8 30.7 29.8 27.0 22.8 15.3 10.6 8.09 
(Tw-Ts) Outlet 29.5 30.7 30.2 28.9 30.3 29.2 33.4 28.8 25.3 18.3 12.9 11.8 
(I 
V, 
00 
..::·· 
RUN NUMBER 41 42 43 36 44 45 46 47 48 84 
83 
INLET CONDITIONS 
G (LB /FT2 -SEC) 1160 1390 1610 1870 2000 2180 2360 2500 2590 297 360 
V (FT17SEC) 19.4 23.3 27.0 31.4 33.5 36.6 39.6 41. 7 44.6 5.00 6.05 
Ti (OF) 200.9 201.0 201. l 200.8 200.9 200.9 200.5 200.1 200.7 200.2 201.1 
Ts at P4 (OF) 214.8 214.7 215.4 216.5 
217. 6 218.0 219.5 218.7 220.0 214.0 213.9 
HEAT FLUX 
q/A xl0- 3 (BTU/FT2 -HR) 117.8 117.8 117.8 117.8 113.8 115.8 115.8 119.5 122.2 224.5 232.0 
PRESSURE DROP 
P4-Pl0 (PSI) .732 .815 1.01 1.33 1.66 1. 79 2.01 2.24 2.40 
.581 .572 
OUTLET CONDITIONS ~ 
To (OF) 202.6 202.2 203.7 201. 2 201.0 201. 5 201. 7 200.2 201.80 212.1 212.5 
Ts at P 10 
(OF) 212.3 212.0 212.0 212.0 212.0 212.0 212.0 212.0 212.0 212.1 212.0 
SURFACE TEMP. 
Tw, 1 3/8" from inlet 219.9 219.3 217.5 213.5 211.0 210.6 211.1 207.7 211.1 254.8 
257.3 
Tw, 1 3/8" from outlet 221.8 221.2 218.8 213.9 213.0 212.4 211.9 209.6 212.0 247.0 248.0
 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet 5.16 4.57 2.08 -2.95 -6.57 -7.36 -8.45 -11.0 -8.92 40.9 43.4 
(Tw-Ts) Outlet 9.42 9.20 6.78 1. 90 1. 03 .40 -.09 -2.4 0 34.9 36.0 
\JI 
"° 
' - ... -.: -··-·"'u.,,-'...-!:· 
- ~ -•'•- ... , - .. -. ~ 
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RUN NUMBER 82 81 80 72 117 79 78 77 116 
so 76 
INLET CONDITIONS 
G (LBm/FT2 - SEC) 408 451 518 527 615 615 719 840 863 936 960 1151 
V (FT/SEC) 6.84 7.03 8.68 8.82 10.3 10.3 12.1 14 .1 14.5 15. 7 16.1 19.3 
Ti (°F) 201.2 201. 1 200.9 200.1 201.0 200.2 200.2 201.3 201.8 201.0 200.9 200.3 
0 215.3 214.4 214.8 215.6 213.9 214.3 214.2 214 .1 214.5 215.1 214.2 Ts at P4 ( F) 
215.7 
HEAT FLUX 
-3 2 q/A x 10 (BTU/FT -HR) 227.2 224.5 220.0 219.0 211. 0 217.5 200.8 224.5 212.0 212.5 224.5 211.0 
PRESSURE DROP 
P4-Pl0 (PSI) .607 .632 .614 .610 .486 .510 .559 .638 
.633 .698 .627 .877 
OUTLET CONDITIONS 
To (OF) 211. 7 210.3 208.4 207.3 203.3 206.1 204.2 204.9 205.8 203.7 203.8 202. 3 . 
Ts at P 10 
(OF) 213.3 212.3 212. 7 213.6 212.3 212.6 212 .4 212.0 212.3 212.8 212.1 212.8 
SURFACE TEMP. 
Tw, 1 3/8" from inlet 258.1 256.1 255.6 256.5 252.7 251.6 243.7 244.4 241.4 
238.3 237.5 230.7 
Tw, 1 3/8" from outlet 248.4 247.7 247.8 250.2 249.1 246.5 244.4 243.8 241.9 238.3 
238.4 231.2 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet 42.7 41. 7 40.8 40.9 38.8 37.2 29.5 30.2 27.0 23.2 23.3 15.0 
(Tw-Ts) Outlet 35.l 35.4 35.l 36.6 36.8 33.8 32.0 31.8 29.5 25.5 26.4 18.4 
0\ 
0 
~ ____ =1'".,..__ ... ,,. __ • -. "4' 
RUN NUMBER 52 111 53 112 54 113 114 115 110 109 108 
INLET CONDITIONS 
G (LBm/FT2 -SEC) 1382 1512 1575 1680 1775 1851 2010 2190 192 240 288 
V (FT/SEC) 23.2 25.4 26.4 28.2 29.7 31.1 33.8 36.7 3.22 4.03 4.83 
Ti (OF) 201.1 201.3 201.0 200.7 201.0 200.6 200.9 201.6 201.5 200.0 201.2 
Ts at P4 (OF) 216.6 216.2 216.8 216.6 217.4 
217.2 218.0 219.2 213.9 213.6 213.6 
HEAT FLUX 
q/A x l0- 3 (BTU/FT2 -HR) 219.0 225.8 222.0 227.2 221.0 214.6 209.2 220.0 177.5 176.2 176.2 
PRESSURE DROP 
P4 -PlO (PSI) 1. 08 1. 27 1.24 1.41 1.32 1.58 1.84 2.21 .40
6 .370 .432 
OUTLET CONDITIONS 
To (OF) 203.9 203.4 203.0 201.7 202.2 201.5 201.5 206.1 212.7 212.2 211. 7 
Ts at P 10 (OF) 213.0 212.0 212.7 212.0 212
. 9 212.0 212.0 212.0 212.5 212.4 212.2 
SURFACE TEMP. 
Tw, 1 3/8" from inlet 230.0 227.6 226.8 224.8 224.3 221. 6 219.8 225.2 252.8 253.3 
254.0 
Tw, 1 3/8" from outlet 229.5 226.4 226.3 223.2 224.7 219.8 218.0 225.1 247.2 247.1
 247.2 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet 13.4 11.3 9.94 8.14 6.92 4.39 1.83 6.01 38.9 39.6 40.3 
(Tw-Ts) Outlet 16.5 14.4 13.6 9.21 11. 8 7.77 5.96 13.1 34.7 34.7 35.0 
CJ' 
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RUN NUMBER 107 106 105 104 103 94 95 96 97 98 99 100 
INLET CONDITIONS 
G (LBm/FT2 - SEC) 336 374 422 480 528 585 864 1105 1382 1630 1845 2110 
V (FT/SEC) 5.62 6.27 7.07 8.06 8.85 9.82 14.5 18.5 23.2 27.3 30.9 35.4 
Ti (OF) 201.8 201.4 201. 3 201.1 201.4 200.8 200.3 201.0 201.3 201.0 201.0 200.8 
Ts at P4 (OF) 213.8 213.8 213.9 214.2 213.6 213.6 213.9 214.8 
215.6 215.9 217.6 217.8 
HEAT FLUX 
q/A x l0- 3 (BTU/FT2 -HR) 177.5 173.0 173.0 176.8 172.0 174. 0 174.0 176.2 175.0 176.8 180.0 183.1 
~SSURE DROP 
- P 10 (PSI) .478 .478 .488 .453 .348 .377 .520 
. 704 1.00 1.17 1.41 1. 72 
OUTLET CONDITIONS 
To (OF) 211. 6 211.2 208.6 207.4 206.5 204.5 201. 7 202.3 202.7 202.2 202.0 201. 7 
Ts at P 10 
(OF) 212.2 212.2 212.3 212.7 212.4 212.4 212. 1 212.4 212.3 212.0 212.9 212.0 
SURFACE TEMP. 
Tw, 1 3/8" from inlet 254.8 253.1 252.0 249.8 248.7 245.5 233.0 228.4 223.6 220.8 219.l 217.l 
Tw, 1 3/8" from outlet 247.9 247.0 247.9 247.3 247.3 244.9 234.5 229.2 224.1 220.4 219.7 219.6 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet 41.1 39.3 38.1 35.6 35.1 31. 9 19.1 13.6 7.95 4.88 1.43 -.69 
(Tw-Ts) Outlet 35.7 34.8 35.6 34.6 34.9 32.6 22.1 16. 8 11.84 8.38 6.78 7.63 
°' N 
RUN NUMBER 102 101 145 146 142 144 141 140 139 138 132 
INLET CONDITIONS 
G (LBm/FT2 - SEC) 2170 2300 240 298 374 432 528 624 720 815 912 
V (FT/SEC) 36.3 38.5 4.00 4.97 6.25 7.22 8.82 10.5 12.0 13.6 15.3 
Ti (OF) 200.7 200.9 209.8 209.8 210.2 209.8 209.7 209.6 209.5 209.6 209.4 
Ts at P4 
(OF) 218.5 219.5 217.2 217.l 218.8 218. 3 219.l 218.9 218.4 218.4 218.3 
HEAT FLUX 
q/A x l0- 3 (BTU/FT2 -HR) 176.8 177.5 221.0 217.5 221.0 221.0 222.0 221.0 219.0 219.0 217.5 
PRESSURE DROP 
P4 - plO (PSI) 1. 95 2.24 1.26 1. 31 1. 71 1. 76 1.86 1.82 
1. 73 1. 70 1. 70 
OUTLET CONDITIONS 
To (OF) 201.5 201.6 213.2 213.0 213.2 213.1 212.9 212.9 212.8 212.7 211.5 
Ts at P 10 
(OF) 212.0 212.0 213.1 212.9 213.3 212.6 213. 2 213.1 212.9 213.0 212.8 
SURF ACE TEMP • 
Tw, 1 3/8" from inlet 217.4 216.3 265.2 263.8 263.7 261.7 261. 0 257.8 254.1 
249.9 245.5 
Tw, 1 3/8" from outlet 216.0 215.5 245.9 244.9 244.0 242.3 243.6 244.6 245.0 
244.6 243.5 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet -1.12 -3.20 48.0 46.6 44.9 43.5 41.8 39.0 35.6 31.5 27.2 
(Tw-Ts) Outlet 3.97 3.47 32.9 32.1 30.6 29.8 30.4 31.5 32.2 31.6 30.7 
(j\ 
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RUN NUMBER 143 133 134 135 136 137 153 154 155 156 15
7 
INLET CONDITIONS 
G (LBm/FT2 -SEC) 1005 1125 1345 1590 1850 2110 192 264 364 456 527 
V (FT /SEC) 16.9 18.9 22.5 26.7 30.9 35.3 3.22 4.43 6.13 7.64 8.85 
Ti (OF) 209.4 209.4 209.3 209.5 209.5 209.5 210.2 210.0 209.9 210.3 210.0 
Ts at P4 
(OF) 219.9 218.2 218.0 219.3 220.6 221.4 214.4 214. 7 215.0 215.1 215.0 
HEAT FLUX 
q/A x l0- 3 (BTU/FT2 -HR) 217.5 214.6 212.5 214.6 217.5 220.0 119.5 117.8 117.8 119.5 121.2 
PRESSURE DROP 
P4 - plO (PSI) 1. 63 1. 69 1.85 2.24 2.70 3.30 .500 .628 .737 . 
804 .794 
OUTLET CONDITIONS 
To (OF) 211.4 211. 2 210.8 210.7 210.5 210.4 212.9 212.8 212.5 212.7 212.6 
Ts at P 10 (OF) 212.7 212.8 212.0 212.0 212.0 21
2.0 212.8 212.6 212.6 212.4 212.4 
SURFACE TEMP. 
Tw, 1 3/8" from inlet 242.1 239.0 235.3 231.8 229.3 226.2 249.7 249.1 247.5 246.3 
244.6 
Tw, 1 3/8" from outlet 240. 9 238.7 235.3 232.l 229.0 226.1 240.2 239.5 238.8 238.6 238.
6 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet 24.1 20.8 17. 3 12.5 8.62 4.81 35.3 34.4 32.5 31.3 29.6 
(Tw-Ts) Outlet 28.3 25.9 23.3 20.1 17.0 14 .1 27.5 26.9 26.2 26.2 26.2 
0\ 
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RUN NUMBER 158 159 160 147 161 148 149 150 151 152 
INLET CONDITIONS 
G (LBi/FT2 -SEC) 600 695 792 855 1008 1104 1342 1545 1785 1995 
V (FT SEC) 10.1 11. 7 13.3 14. 3 16.9 18.5 22.5 26.0 29.9 33.5 
Ti (OF) 210.2 210.2 210.4 210.4 210.1 210.0 210.3 210.1 209.9 210.0 
Ts at P4 
(OF) 214.8 214.8 214.9 215.0 215. 2 215. 2 216.3 217.0 218.0 218.9 
HEAT FLUX 
q/A x l0- 3 (BTU/FT2 -HR) 121.2 119.5 119.5 115.8 123.2 113.8 115.8 117.8 120.8 120.8 
PRESSURE DROP 
P4 - plO (PSI) .752 .750 . 777 .823 .900 .952 1.30 1.52 1.85 2.08 
OUTLET CONDITIONS 
To (OF) 212.5 212.4 212.5 212.1 211. 7 211.4 211.2 211.2 210.6 211.0 
Ts at P 10 
(OF) 212.3 212.3 212.3 212.3 212.2 212.0 212.0 212.0 212.0 212.0 
SURFACE TEMPo 
Tw, 1 3/8" from inlet 241.9 239.5 237.0 232.7 232.1 227.9 225.2 223.9 221.8 222.4 
Tw, 1 3/8" from outlet 239.0 237.7 236.3 233.2 232.6 228.5 226.7 224.7 223.3 221.8 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet 27.1 24.7 22.l 17.7 16. 9 12.8 8.85 6.89 3.80 3.48 
(Tw-Ts) Outlet 26.7 25.4 24.0 20.9 20.4 16.5 14. 7 12.7 11.3 9.8 
O'\ 
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RUN NUMBER 162 163 164 165 166 167 168 169 170 172 173 
,INLET CONDITIONS 
G (LBm/FT2 -SEC) 202 288 384 480 576 663 748 845 960 1055 1152 
V (FT/SEC) 3.38 4.81 6.42 8.05 9.64 11. 1 12.5 14. 1 16 .1 17.7 19.30 
Ti (OF) 210.0 210.4 210.0 210.1 210.1 209.9 209.7 210.0 210.4 210.3 210.l 
Ts at P4 
(OF) 215.7 217.4 218.0 218.2 218.2 217 .8 217.7 217.4 216.9 217.0 217.3 
HEAT FLUX 
-3 2 q/A x 10 (BTU/FT -HR) 175.0 176.2 175.0 175.0 173.0 173.0 173.0 176.8 175.0 176.8 173.0 
PRESSURE DROP 
P4 - plO (PSI) .944 1. 37 1.55 1.64 1.62 1.58 1. 55 1. 51 1.48 1.55 
1.63 
OUTLET CONDITIONS 
To (OF) 212.5 213.1 212.9 212.8 212.8 212.5 212.3 212. 3 212.1 211. 9 211.5 
Ts at P 10 
(OF) 212.6 212.9 213.0 213.0 213.0 212.7 212.7 212.5 212.0 212.0 212.0 
SURFACE TEMP. 
Tw, 1 3/8'' from inlet 249.2 252.l 252.8 252.8 252.0 248.5 244.9 241. 9 240.0 238.7 
236.9 
Tw, 1 3/8" from outlet 237.3 237.6 239.2 238.2 240.2 240.5 239.7 239.8 239.0 238.2 
236.4 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet 33.5 34.8 34.8 34.6 33.8 30.7 27.2 24.5 23.1 21. 7 19.6 
(Tw-Ts) Outlet 24.7 24.7 26.2 25.2 27.3 27.8 26.9 27.3 27.0 26.2 24.4 
er, 
er, 
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RUN NUMBER 174 175 176 
INLET CONDITIONS 
G (LB,/FT2 -SEC) 1345 1485 1775 
V (FT SEC) 22.5 24.9 29.7 
Ti (OF) 210.4 210.4 210.1 
Ts at P4 
(OF) 217. 9 2.18.5 219.4 
HEAT FLUX 
q/A x l0- 3 (BTU/FT2 -HR) 176.8 175.0 175.0 
PRESSURE DROP 
P4 - plO (PSI) 1.81 1. 99 2.28 
OUTLET CONDITIONS 
To (OF) 211.5 211.4 211. 3 
Ts at P 10 
(OF) 212.0 212.0 212.0 
SURFACE TEMP. 
Tw, 1 3/8" from inlet 233.5 232.7 231.3 
Tw, 1 3/8" from outlet 234.0 232.7 231.5 
BOIL. TEMP. DIFF. 
(Tw-Ts) Inlet 15. 6 14. 2 11. 9 
(Tw-Ts) Outlet 21. 9 20.7 19.5 
Cf'\ 
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RUN NUMBER 
G (LB /FT2-SEC) 
m 
V (FT/SEC) 
P4 - plO (PSI) 
T. (OF) 
1. 
··----- _ __.c:;.-.4..a·- -·· - ~-' -·. ~--
191 
288 
4.82 
.085 
200.6 
ADIABATIC RUNS 
197 190 196 189 
360 452 478 625 
6.03 7.55 8.04 10.4 
.199 .155 .269 .228 
200.9 200.7 200.9 200.6 
195 177 194 178 198 179 199 
670 815 862 960 1030 1151 1195 
11. 3 13.7 14.5 16.1 17.3 19.3 20.1 
.332 .383 .439 .488 .372 .640 .500 
200.9 200.7 200.8 200.8 200.4 200.4 200.6 -~ 
/ 
RUN NUMBER 200 180 201 181 202 182 203 204 205 183 206 188 
G (LB /FT2 -SEC) 
m 
1340 1390 1520 1575 1685 1865 1870 1990 2130 2160 2250 2260 
V (FT/SEC) 22.5 23.3 25.6 26.4 28.3 31.1 31.4 33.3 35.7 36.2 37.7 37.8 
.650 .790 .777 .907 .976 1.10 1.08 1.24 1.42 1.40 1.52 1.51 
T. (°F) 
i 
200.7 200.9 200.7 200.8 200.9 200.7 200.4 200.7 200.5 200.9 200.7 200.5 
I 
- ~· f" y'·-·. - - • .-- -·- ~ 
RUN NUMBER 
G (LB /FT2 -SEC) 
ID 
V (FT/SEC) 
T. (°F) 
1. 
·= 
184 207 187 208 185 209 210 186 211 
2360 2380 2450 2490 2582 2610 2750 2780 2870 
39.5 39.8 41.0 41.8 43.2 43.8 46.3 46.6 47.3 
1.72 1.68 1.65 1.80 1.73 1.98 2.17 2.07 2.27 
201.0 200.7 200.9 200.8 200.4 200.5 200.8 200.8 200.6 
- ... ·:_;;___~-, 
""-I 
0 
·- --··-------·-· -~---~--
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